During visual system development, neural activity regulates structural changes in connectivity including axonal branching and dendritic growth. Here we have examined a role for the candidate plasticity gene 15 (cpg15), which encodes an activity-regulated molecule that can promote dendritic growth, in this process. We report that cpg15 is expressed in the cat visual system at relatively high levels in the lateral geniculate nucleus (LGN) but at very low levels in its synaptic target, layer 4 of the visual cortex. Prenatally, when cpg15 mRNA in the LGN is most abundant, expression is insensitive to action potential blockade by tetrodotoxin. Postnatally, activity regulation of cpg15 emerges in the LGN coincident with development of ocular dominance columns in the visual cortex. cpg15 can be detected in layers 2/3 and 5/6 of visual cortex postnatally, and expression in layers 2/3 is activity-regulated during known periods of activity-dependent plasticity for these layers. Localization and regulation of cpg15 expression in the visual system are consistent with a presynaptic role for CPG15 in shaping dendritic arbors of target neurons during activity-dependent synaptic rearrangements, both in development and adulthood.
During the final phases of visual system development, adult patterns of neuronal connectivity are achieved via an activitydriven process of synaptic rearrangement (for review, see Constantine-Paton et al., 1990; Shatz, 1990; Goodman and Shatz, 1993; Katz and Shatz, 1996) . Neuronal activity profoundly influences the growth of axonal terminals, contributing to their final size, form, and restriction to characteristic postsynaptic locations LeVay et al., 1980; Meyer, 1982; Reh and Constantine-Paton, 1985; Stryker and Harris, 1986) . Less is known about how neural activity ultimately shapes dendritic morphology. Rapid effects on spine and filopodia structure can be seen in vitro after changes in activity levels or induction of long-term potentiation (Engert and Bonhoeffer, 1999; MaleticSavatic et al., 1999; McK inney et al., 1999) . There are indications that during development elaboration of dendritic arbors is also regulated by input activity (Tieman and Hirsch, 1982; Katz and Constantine-Paton, 1988; L und et al., 1991; Bodnarenko and Chalupa, 1993; Kossel et al., 1995; Rocha and Sur, 1995; Rajan and C line, 1998) , but results vary. Several reports suggest that blocking NMDA receptor-mediated synaptic transmission can increase dendritic growth (Rocha and Sur, 1995; McAllister et al., 1996) , whereas others report the opposite (Vogel and Prittie, 1995; Rajan and C line, 1998) . In visual cortex, the action of neurotrophins on dendritic growth requires neural activity (McAllister et al., 1996) . In some cases, action potential blockade with tetrodotoxin (TTX) does not affect dendritic development but can affect spine density (Dalva et al., 1994; Kossel et al., 1997) .
At the cellular level, little is known about molecular mechanisms underlying activity-evoked axonal and dendritic remodeling. In recent years, forward genetic screens using adult models for synaptic plasticity have identified activity-regulated candidate molecules whose function could mediate activity-dependent modification of neuronal structure (Nedivi et al., 1993; Qian et al., 1993; Link et al., 1995; Lyford et al., 1995; Tsui et al., 1996) . Some of these molecules are also expressed in the developing brain (Nedivi et al., 1993; Lyford et al., 1995; Tsui et al., 1996) , consistent with the hypothesis that there may be overlap between mechanisms of developmental and adult plasticity (Kandel and O'Dell, 1992) . Candidate plasticity gene 15 (cpg15), a 115 amino acid glycosylphosphatidylinositol-linked cell surface protein (Naeve et al., 1997) , was identified in the hippocampus after experimentally induced seizure (Nedivi et al., 1993) . cpg15 was subsequently found to be expressed at high levels during postnatal cortical development and also regulated by light-driven neural activity in the adult rat visual cortex (Nedivi et al., 1996) . During development in Xenopus, CPG15 protein staining is present in tectal cells and is intense in retinal ganglion cell (RGC) axons within the optic tract and tectal target area (Nedivi et al., 1998) . When overexpressed in the Xenopus retinotectal system in vivo, CPG15 promoted exuberant dendritic arbor growth in developing tectal neurons (Nedivi et al., 1998) . These observations suggest that endogenous CPG15 on both pre-and postsynaptic sides of the retinotectal synapse may be available to promote dendritic arbor elaboration of developing tectal neurons.
To investigate further a role for CPG15 in activity-dependent synaptic changes during development, we examined cpg15 expres-sion and regulation in the cat visual system at times when two of the best-studied examples of developmental plasticity occur: segregation of RGC axonal arbors into eye-specific laminae in the lateral geniculate nucleus (LGN) of the thalamus and segregation of LGN axons into ocular dominance columns (ODCs) within layer 4 of primary visual cortex (Hubel and Wiesel, 1970; LeVay et al., 1978; Stryker, 1978, 1988; Shatz, 1983; Shatz and Kirkwood, 1984; Sretavan and Shatz, 1986; Stryker and Harris, 1986; Sretavan et al., 1988; Penn et al., 1998; Hata et al., 1999) . The timing, location, and regulation of cpg15 expression in the visual system are consistent with a role in translating neural activity into structural rearrangements in connectivity.
MATERIALS AND METHODS
Animal manipulations and tissue isolation. All surgical procedures for the prenatal manipulations, including osmotic minipump perf usions of TTX, have been described previously (Shatz, 1983; Shatz and Stryker, 1988; C ampbell et al., 1997; Corriveau et al., 1998) and were approved by the University of C alifornia Berkeley Animal C are and Use Committee.
For intraocular injections of TTX postnatally, anesthesia was induced and maintained by isoflurane/O 2 via mask. Topical ophthaine (Choice Medical Supplies) was applied to the eye in preparation for injection. A sterile solution of TTX (or vehicle) was injected over a period of 1-2 min into the posterior chamber of the eye using a 30 gauge needle attached to a 10 l Hamilton syringe via silastic tubing. After the eye injection was complete, the kitten recovered from anesthesia under observation. Monocular activity blockade was maintained by injecting the right eye every 48 hr for the duration of the manipulation; e.g., for blockade from postnatal day 89 (P89) to P99, TTX was injected on P89, P91, P93, P95, and P97. For younger animals, amounts of 3 mM TTX administered per injection were as follows: P6 -P11, 2 l; P20 -P23, 2.5 l; P38, 3 l; P40, 3.5 l; P40 -P46, 4 l; and P60 -P64, 8 l. For older animals (P89 -P99 and adult), 7 ul of 5 mM TTX per injection was used. Vehicle-injected controls received equivalent volumes of vehicle solution (sodium citrate buffer, pH 4.8): 18.6 mM citrate for younger animals and 31 mM citrate for the older animals. Tissue was obtained for in situ hybridization as described above.
Cloning of feline cpg15. Total RNA was extracted from P22 cat visual cortex with an acid guanidinium thiocyanate -phenol -chloroform mixture as described previously (Chomczynski and Sacchi, 1987) . Poly(A ϩ ) RNA was selected by a standard oligo-dT-cellulose method (Sambrook et al., 1989) . First-strand cDNA synthesis was primed using an oligo-dTXbaI primer adaptor (Promega, Madison, W I) and superscript II RNase H-reverse transcriptase (Life Technologies, Gaithersburg, MD) according to the manufacturers' instructions except that 5-methyldeoxycytidine 5Ј-triphosphate (5-Me dC TP) and trace amounts of [ 32 P]dC TP replaced standard dC TP. After alkaline hydrolysis of mRNA and removal of unincorporated nucleotides by a G-50 column and precipitation, polyA tailing of first-strand cDNA was performed using terminal transferase (Promega). Second-strand cDNA synthesis was by K lenow (Boehringer Mannheim, Indianapolis, I N) and primed using the oligo-dT-XbaI primer adaptor (Promega). After phenol /ChC l 3 extraction and precipitation, double-stranded cDNA was resuspended, digested with XbaI (Life Technologies), phenol /ChC l3-extracted, precipitated, resuspended, and size-selected on a Sephacryl S-500 HR cDNA size fractionation column (Life Technologies). Several fractions were selected, and T4 ligase (Boehringer Mannheim) was used for ligation into XbaI-digested and calf alkaline phosphatase (Stratagene, La Jolla, CA)-treated Z AP express vector (Stratagene). Ligated DNA was packaged using Gigapack III gold packaging extract (Stratagene); 600,000 independent plaqueforming units were obtained and amplified. In a sampling experiment, 16 of 16 phage selected had inserts that could be released by XbaI digestion, with an average insert size of 2.3 kb.
By the use of a 450 bp cDNA probe containing the coding region of rat cpg15, 5 ϫ 10 5 plaques of the above library were screened by conventional filter lifts hybridized at medium stringency (Sambrook et al., 1989) . A 1.5 kb cDNA containing the entire feline cpg15-coding region was isolated. Partial sequencing determined that at the nucleotide level, the coding region of feline cpg15 is ϳ94% identical to that of rat cpg15. A 750 bp EcoRI / Xcm fragment was subcloned into pBSKϪ, appropriately linearized, and used as a template to generate 35 S-labeled riboprobes for in situ hybridization.
Further details regarding cDNA library construction and feline cpg15 cloning are available on request.
In situ hybridization. In situ hybridization was performed as described (Simmons et al., 1989) . Cryostat sections (12 m) were cut, air dried, fixed for 30 min in sodium phosphate -buffered 4% paraformaldehyde, dehydrated with ethanol, and stored at Ϫ80°C. Sections were thawed, permeabilized by proteinase K treatment, acetylated, dehydrated with ethanol, and hybridized at 57°C for 12-15 hr with riboprobe labeled with 35 S-UTP (1250 C i /mmol; Dupont N EN, Boston, M A). The sections were then incubated with 50 g /ml RNase A for 30 min at 37°C and then washed with a series of SSC solutions; the highest stringency wash was 0.1ϫ SSC, 60°C for 30 min. After exposure to Kodak X AR-5 film at room temperature, sections were coated with N TB-2 emulsion and developed after 7-10 d. For negative controls, hybridization of radiolabeled feline cpg15 antisense probe was specifically eliminated by competition with a 10,000-fold excess of nonradiolabeled antisense cRNA, resulting in only background levels of silver grains.
The feline BDN F probe was a gift from Ed Lein.
Quantitative data anal ysis. Data were analyzed by scanning each slide under dark-field illumination with a Diagnostics Instruments Spot C amera. The images were saved in TI FF file format and opened in N IH Image (version 1.62b7), and the relevant area was quantified (black ϭ 255 and white ϭ 0). Pixel gray scale values were converted to a brightness scale by subtracting the resulting value from 255. Background values were obtained (taken over either a nonhybridizing region of the section or the slide itself; both regions giving essentially identical readings) and subtracted out to yield net signal.
Developmental results (see Fig. 3 for summary) are based on mean signal Ϯ SEM for all slides run in two separate experiments that analyzed independent sets of animals; within a given run, sections from all ages were processed simultaneously. To allow compilation of the two experiments, we normalized data within each run to a value obtained for the signal in the superficial layers of visual cortex at the oldest age examined. The ages of the animals used and the number of sections examined (not including negative controls) are presented below as follows: age (number of animals, number of sections). First experiment: embryonic day 43 (E43) (1, 4), E52 (1, 3), P0 (1, 3), P10 (1, 4), P25 (1,3), P40 (1, 4), and P91 (1, 4). Second experiment: E52 (2, 4 and 4), P11 (1, 5), P22 (1, 4), P42 (1, 4), and P96 (1, 4). For clarity of presentation, small age differences between postnatal animals in the first and second experiments are not noted in the figure (i.e., P10 ϩ P11, P25 ϩ P22, P40 ϩ P42, and P91 ϩ P96). A third experiment that included slides from most of the animals used for the first two experiments confirmed the results shown (see Fig. 3 ).
For comparison of feline cpg15 signals obtained from control versus activity-blocked LGNs (prenatal manipulations) or control and activityblocked eye-specific layers (postnatal manipulations), slides were scanned, and the net signal was calculated as above. In the case of the prenatal LGN Ϯ TTX, one control and one activity-blocked section were mounted on each slide, and a ratio of the signals was obtained in a pairwise manner. In two separate experiments including three sets of pairwise comparisons (TTX and vehicle, TTX and citrate, and TTX and citrate), for a total of six animals and 11 slides, mean Ϯ SEM for TTX /control ϭ 1.16 Ϯ 0.10; i.e., no significant difference was observed. For postnatal manipulations, ratios of signal between control and activity-blocked eye-specific layers were calculated within sections, and the resulting ratios were averaged across sections. These data are presented (see Fig. 6 ) with each column representing data from a separate animal. Note that an identical analysis was performed for LGNs ipsilateral to the blocked eye (data not shown), yielding results indistinguishable from those presented for the contralateral analysis. Statistical analysis was performed by equal-tails t tests.
Fluctuations in feline cpg15 signal in primary visual cortex layers 2/3 were quantified as follows. Dark-field images were imported from microscope slides as above. By the use of N IH Image, the TI FF images were first smoothed (3 ϫ 3), and the pixel brightness values along a line parallel to the pial surface approximately midway between the bottom of layer 1 and the top of layer 4 were exported to SuperScope II and processed with a low-pass filter (fc ϭ 10%) twice. Data were plotted versus distance (see Fig. 6 B) using Microsoft E xcel. Distances measured from midtrough to midtrough for monocular TTX-treated animals are (mean Ϯ SEM): P40 -P43, 1049 Ϯ 45 m; P61-P64, 1190 Ϯ 71 m; and P90 -P92, 1353 Ϯ 46 m, values very close to the expected width for two ocular dominance columns (ϳ1 mm).
RESULTS
Expression of cpg15 in the LGN and visual cortex of the cat during normal development and through maturation of adult connectivity was characterized by in situ hybridization. Next, to distinguish between activity-independent and -dependent modes of cpg15 regulation during development, we investigated the effect of TTX-induced activity blockade on cpg15 mRNA levels at developmental times when neural activity is required for the formation of appropriate synaptic connections in the visual system.
Developmental regulation of cpg15 expression
cpg15 mRNA is present in LGN neurons throughout development and in the adult. cpg15 expression is highest at the earliest time point examined (E43), when RGC axons have entered the LGN but are not segregated into eye-specific layers. cpg15 mRNA levels in LGN neurons remain high through E52, the peak of the period for RGC axon segregation into eye-specific layers in the LGN, until P0 when eye-specific layer formation in the LGN is virtually complete (Shatz, 1983) (Fig. 1) . Although postnatal expression levels of cpg15 in the LGN continue to decrease until P10, they remain relatively high into adulthood (P91; Fig. 1 ), long after activity-dependent synaptic rearrangement of the retinogeniculate projection is complete (Dubin et al., 1986; Shatz and Stryker, 1988; Sretavan et al., 1988) .
Within the developing visual cortex, cpg15 mRNA is present at low levels prenatally in the differentiating cortical plate (Fig. 1) . By P10, when the majority of LGN axons have grown into layer 4 from the subplate (Shatz and L uskin, 1986) , cpg15 can be detected in the superficial and deep layers of cortex (Fig. 2) . Signal continues to increase in these layers throughout LGN axon segregation into ODC s in layer 4 (P20 -P40; Fig. 2 ). cpg15 expression is undetectable in layer 4 at birth (P0; Fig. 1 ). It is first detectable in layer 4 at P40, near the completion of ODC formation, but at very low levels that are maintained in mature layer 4 (Fig. 2) .
To characterize these results quantitatively, we obtained images of tissue sections after autoradiography with a digital camera, and signal intensity was expressed as units of pixel gray values. The examples shown in Figures 1 and 2 are representative of the combined quantitative results summarized in Figure 3 . Quantitative analysis shows that cpg15 mRNA levels in the LGN progressively decrease with age, until P10 when they stabilize at their adult level. Conversely, from P10, cpg15 mRNA levels in the superficial and deep layers of cortex gradually increase with age. The onset of cpg15 expression in layer 4 is delayed with respect to that in other cortical layers, and levels are significantly lower. In both the LGN and visual cortex (as in the hippocampus-see Fig.  2 ), cpg15 expression is maintained well into maturity.
Activity-dependent regulation of cpg15
cpg15 expression in the LGN is unaltered by blockade of Na ϩ -dependent action potentials at the earliest times examined in prenatal development (Fig. 4 A) . Action potential blockade was achieved by minipump infusion of TTX into the ventricle of fetal cats between E42 and E52 (birth is E65), a time when spontaneous retinal waves drive ganglion cells and LGN neurons to fire Na ϩ -dependent action potentials (Meister et al., 1991; Wong et al., 1995; Mooney et al., 1996; Penn et al., 1998) and are required for LGN axons to segregate into eye-specific layers (Penn et al., 1998) . Even immediately after birth, monocular injections of TTX between P6 and P11 did not alter cpg15 expression in LGN layers receiving input from the injected eye (Fig. 4 B) . To confirm that activity had indeed been blocked in the injected eye, we examined the expression of BDNF, known to be regulated by activity in many structures. BDNF expresses at low levels in the LGN at early ages and increases steadily as development proceeds (E. Lein, A. Hohn, and C. J. Shatz, personal communication) . Monocular blockade between P6 and P11 clearly decreases BDNF expression in LGN layers receiving input from the TTXtreated but not vehicle-treated eye in the same experiment in which there was no detectable regulation of cpg15 (Fig. 4 B) .
Monocular TTX injections at progressively later ages starting at P20 decrease but do not abolish completely cpg15 expression in LGN layers innervated by the blocked eye (Figs. 5, 6 ). Regulation of cpg15 expression by activity in the LGN persists throughout and beyond the critical period for segregation of geniculocortical afferents into ODCs in the cortex and continues after maturation of adult patterns of thalamocortical connectivity as documented quantitatively in the histograms of Figure 6 . These data indicate that initially cpg15 is not regulated by action potential activity in the LGN. Later in development, coincident with the critical period for activity-dependent segregation of LGN axons within layer 4 of visual cortex, the levels of cpg15 expression in the LGN decline, and a significant fraction becomes sensitive to regulation by activity.
A possible concern is that the decrease in levels of cpg15 expression in LGN layers receiving input from the blocked eye is caused by cell shrinkage of LGN neurons and a general decrease in protein synthesis as a consequence of the well known competition with active eye inputs within layer 4 of cortex during the critical period (Hubel and Wiesel, 1970; Guillery, 1972) . However, several observations argue strongly that shrinkage alone cannot account for the decrease in cpg15 mRNA levels. First and most notably, similar decreases in cpg15 expression occur at P90 and even in adults (Figs. 5, 6 ), long after the period of susceptibility of LGN neurons to shrinkage caused by monocular eye closure. Second, 10 d monocular TTX blockades result in a downregulation of cpg15 expression virtually identical to those produced by 3 d blockades (P40 -P43 and P38 -P48 in Fig. 6 ), whereas LGN cell shrinkage and effects on ocular dominance after monocular eye closure are known to increase with length of closure (Hubel and Wiesel, 1963) . Finally, levels of BDNF mRNA in the same animals are much more dramatically affected by monocular TTX injections than are those of cpg15 (P38 -P48 TTX and P38 -P48 TTX BDNF in Fig. 6 ), indicating that expression of these two genes can be regulated differentially. This observation would not be expected if there were simply an overall decline in metabolism. Thus, we conclude that at least some if not all of the decrease in cpg15 mRNA is caused by an activitydependent regulation of gene expression.
Within primary visual cortex, no effect of monocular TTX injections could be detected within layer 4 at any age, consistent with the very low level of cpg15 signal there throughout life. However, as ocular dominance columns form in layer 4, the activity of all cortical neurons within a given column, including those located in layers 2/3 and to a lesser extent layers 5/6, comes to be dominated by one eye (Hubel and Wiesel, 1977; Shatz, 1990; Katz and Shatz, 1996) . By P40, anatomical segregation of LGN axons into ODC s within layer 4 is nearing completion (LeVay et al., 1978; Antonini and Stryker, 1993) . We therefore examined cpg15 expression patterns in layers 2/3 and 5/6 after brief periods of monocular TTX injections at P40 or later (Fig. 7, top) . Such injections between P40 and P43 resulted in periodic fluctuations in cpg15 signal intensity in cortical layers 2/3. To examine whether these fluctuations might correspond to ocular dominance columns driven by the TTX-treated (low-intensity signal) versus the active (high-intensity signal) eyes, we quantitated signal variation along a distance within layer 2/3 and derived its spatial frequency (Fig.  7, bottom) . The measured frequency, ϳ1 mm, corresponds well with the width of ocular dominance columns assessed either anatomically (LeVay et al., 1978; Anderson et al., 1988) or physiologically Hubener et al., 1997) . Similar and P11 (data shown for right LGN), the feline cpg15 signal remains unchanged in the eye-specific LGN layer corresponding to the blocked eye (layer A1; compare with control layer A). Middle, On an adjacent section BDNF mRNA levels decreased in layer A1, demonstrating that a successful activity blockade had been achieved. Bottom, Moreover, in an animal treated in parallel with vehicle only, BDN F mRNA levels remain unchanged in layer A1 (injection in right eye; right LGN shown). Note that at this time in development BDN F mRNA levels are low in the LGN. Scale bars, 1 mm. Figure 5 . Regulation of feline cpg15 mRNA levels in the LGN by visual experience. Monocular activity blockade was maintained for the indicated times by injection of TTX into the posterior chamber of the right eye. Dark-field photomicrographs of selected in situ hybridization results. An asterisk indicates the eye-specific LGN layer receiving synaptic input from the treated eye (layer A on the lef t, contralateral to the blocked eye, and layer A1 on the right, ipsilateral to the blocked eye). Controls (LGNs ipsilateral to the injected eye; treatment was from P38 to P48) show a dramatic decrease in BDN F mRNA in layer A1, confirming the effectiveness of the activity blockade; no decrease is observed in feline cpg15 mRNA levels when vehicle alone is injected. All sections are in the coronal plane. Medial is toward the center of the figure (except for the BDN F control, in which medial is lef t), and dorsal is up. Scale bar, 1 mm.
results were obtained after monocular blockades at either P61-P64 or P90 -P92, well after ODC formation in layer 4 is complete but still during times when monocular eye closure can cause modest physiological shifts in ocular dominance outside of layer 4 (Daw et al., 1992 ) (see Discussion). Note that no such regular periodicity in signal was observed when the analysis was performed on visual cortex from an animal monocularly treated with vehicle (P61-P64:Vehicle; Fig. 7, bottom, D) . These data indicate that cpg15 expression in superficial cortical layers is sensitive to TTX-mediated activity blockade not only during the critical period for geniculocortical axon segregation in layer 4 but also afterward in the mature primary visual cortex.
DISCUSSION
Here we have explored a possible role for cpg15 in the structural remodeling of visual system connections by examining its developmental and activity-dependent regulation in the cat's visual system. A major finding is that regulation of cpg15 by electrical activity is a dynamic property that changes during development. Expression in the LGN is highest prenatally during the period of RGC axon segregation into eye-specific layers but is unaffected by TTX-induced action potential blockade at these times. Activityindependent expression in the LGN remains high during the early postnatal period when layer 4 neurons in visual cortex begin elaborating their dendritic arbors (Meyer and Ferres-Torres, 1984) . Activity-dependent regulation of cpg15 mRNA levels appears in the LGN only later, coincident with a decline in expression and the onset of LGN axon segregation into ODCs in layer 4 of visual cortex. In contrast, expression of cpg15 in layer 4 neurons-the synaptic targets of LGN axons-is low at all ages examined and not regulated by neural activity. In the Xenopus retinotectal system, CPG15 protein is concentrated in RGC axons at developmental stages when target tectal cell dendritic growth is sensitive to CPG15 expression (Nedivi et al., 1998) . Taken together, these observations are consistent with a role for CPG15 in axon terminals promoting dendritic growth in postsynaptic target neurons. We suggest that CPG15 supplied by LGN neurons acts to promote dendritic arbor growth first in subplate neurons and subsequently in layer 4 cortical partners. At early stages CPG15 supplies are abundant and activity independent, but as maturation progresses they become limited and activity dependent, consistent with a role in coordinating the final rearrangements of pre-and postsynaptic elements that are driven by activity-dependent competition. In contrast to the LGN, in the visual cortex cpg15 mRNA levels are undetectable until early postnatal times. cpg15 expression then appears in layers 2/3 and 5/6, where it progressively increases until reaching adult levels around P40. Little, if any, expression is detected in layer 4 until P40, when LGN axons have almost completely segregated from each other into ODCs (LeVay et al., 1978) ; at this age and thereafter, low levels of signal can be observed that are maintained in the adult. Although the segregation of input according to eye preference is most complete in layer 4 (Hubel and Wiesel, 1972; Wiesel et al., 1974; Shatz et al., 1977) , neurons in other layers also acquire a certain degree of eye preference by virtue of intracortical connections. This preference can be seen in the system of physiologically defined ODCs present in all cortical layers (Hubel and Wiesel, 1977; Crair et al., 1998) . Our observation here that monocular TTX injections lead to regulation of cpg15 expression in alternating patches within layers 2/3 at P40 and thereafter and the periodicity of expression (ϳ1 mm) are both consistent with downregulation of cpg15 expression within ODCs representing the blocked eye. In the cat visual system, the period of susceptibility to the physiological effects of monocular eye closure in layers 2/3 extends far longer than that in layer 4, and shifts in ocular dominance after eye closure can be detected physiologically even at 6 months postnatally (Daw et al., 1992) . The activity-dependent regulation of cpg15 expression in layers 2/3 coincides well with this well known period of experience-dependent synaptic plasticity and also with the fact that the horizontal connections made by layer 2/3 neurons can undergo long-term facilitation (Hirsch and Gilbert, 1993) and perhaps structural changes (Darian-Smith and Gilbert, 1994) . Thus as with geniculocortical connections at earlier ages, here too cpg15 expression and modulation by neural activity are consistent with a presynaptic role for this molecule in activity-dependent remodeling of intracortical connections.
It is important to note that the TTX-insensitive component of cpg15 expression, observed here at early ages, may represent expression that can be regulated by forms of activity that are independent of voltage-gated sodium channels. There is evidence that synaptic activity can influence dendritic arbor development in the absence of sodium-dependent action potentials. In studies in which TTX and glutamate receptor blockers were tested in parallel, in some conditions APV had a strong effect on dendritic branch dynamics, whereas TTX had no detectable influence (McAllister et al., 1996; Rajan and C line, 1998) . Activation of gene expression by increased intracellular calcium may also be generated by alternative mechanisms to synaptic transmission such as Ca ϩ2 influx through voltage-gated calcium channels. At early developmental times, spontaneous activation of one or a few cells can generate a synchronous rise of intracellular calcium in domains of coactive cortical neurons, even in the presence of Figure 7 . Activity regulation of feline cpg15 in primary visual cortex. Top, After monocular activity blockade for the indicated times, horizontal sections through the visual cortex, optimal for viewing ODC s, were prepared and analyzed by in situ hybridization. Results are presented in dark-field optics. Note the periodicity of signal intensity, with several regions of decreased signal indicated by arrowheads on each panel. A, Anterior. M, medial. Scale bar, 1 mm. Bottom, Signal intensity was quantified in the superficial layers (described in Materials and Methods) and found to have a spatial frequency of ϳ1 mm, as would be expected if the periodicity observed corresponds to inputs from the control (higher signal) and activity-blocked (lower signal) eyes and therefore ocular dominance columns. Note that no such regular periodicity in signal was observed when the analysis was performed on visual cortex from an animal monocularly treated with vehicle from P61 to P64 ( D).
TTX (Yuste et al., 1995) . In view of these considerations, we can only conclude that Na ϩ -dependent action potentials are not required for cpg15 expression at early times in development, whereas at later times they are required.
Gene expression studies show that only a fraction of genes tested, including many that are regulated by seizure activity in the adult, can also be regulated by sodium action potential activity during visual system development (Corriveau et al., 1998) . Among these genes, developmental patterns of regulation and expression vary widely (Worley et al., 1990; C astren et al., 1992; Yamagata et al., 1993 Yamagata et al., , 1994a Robner et al., 1994; Schoups et al., 1995; Nedivi et al., 1996; Tsui et al., 1996; Corriveau et al., 1998) . This observation suggests that regulation of gene expression by visual system activity is implemented at the transcriptional level on a gene-by-gene basis, in a way that is relevant to the function of each specific gene. Studies of regulated expression of an individual gene such as this one on cpg15 may therefore provide predictions as to its mechanism of action.
We propose a general model in which C PG15 is supplied by the presynaptic neuron, thereby influencing dendritic growth of its postsynaptic partner. During early development, high levels of cpg15 expression may be permissive for rapid dendritic growth in a manner independent of sodium action potentials. This suggestion is consistent both with previous studies demonstrating that early dendritic growth is relatively insensitive to TTX activity blockade (Dalva et al., 1994) and with the observation that overexpression of C PG15 promotes the growth of tectal cell dendrites (Nedivi et al., 1998) . After the initial circuitry of neuronal connections has been established by activity-independent mechanisms and neurons have laid down the basic structure of their dendritic arbor, we propose that activity-dependent regulation comes into play. Stabilization, maintenance, and plasticity of specific synaptic connections become the prominent themes during the final transition of the developing nervous system to its mature sets of connections. At this developmental time there is a decline in constitutive cpg15 expression in the LGN, accompanied by emergence of an activity-dependent regulation that persists into adulthood. At this point the balance between activityindependent levels of cpg15 expression in all neurons and the additional activity-dependent cpg15 expression present in active neurons may determine the extent to which synaptic connections are merely maintained versus strengthened via addition of new neuronal processes. The advent of an activity-dependent mode of cpg15 regulation could allow local increases in C PG15 levels only at synapses of active presynaptic neurons, thus permitting the specific changes in dendritic arbor structure that are associated with synaptic plasticity. This model could resolve some of the inconsistencies reported for the effects of activity on dendritic structure because activity blockade at different developmental times would have different effects on the induction of genes that influence dendritic growth such as cpg15. Direct proof for this model will require manipulations of cpg15 expression and exploration of the consequent effects on synaptic plasticity.
It is surprising that cpg15 expression is regulated by visual activity in the mature LGN, long after the critical period for development of the geniculocortical synapse comes to a close. At first glance, this result appears to weaken the argument that CPG15 may be involved in activity-dependent developmental plasticity. However, it is important to remember that the critical period for development of the geniculocortical projection has been defined anatomically in terms of axonal, and not dendritic, morphological changes that can be induced by alterations in electrical activity. Because our model proposes that CPG15 on LGN axons affects the dendritic morphology of postsynaptic layer 4 neurons, the finding that cpg15 expression is activity-regulated in the mature LGN does not necessarily run counter to previous findings demonstrating that activity-dependent LGN axonal arbor rearrangements are confined to the critical period. In fact, the persistent regulation of cpg15 predicts that activity-dependent changes might occur locally on the dendrites or spines of layer 4 neurons (as well as layer 2/3 neurons) well after it is no longer possible to induce large-scale LGN axon terminal rearrangements. It remains to be shown directly whether dendrites or spines of layer 4 neurons in mature animals can respond to changes in activity with structural rearrangements. Two-photon imaging of CA1 neurons in developing rat hippocampal slices has shown local and rapid changes in dendritic structures in response to synaptic activity (Engert and Bonhoeffer, 1999; Maletic-Savatic et al., 1999) . Such technology might be extended to mature cortical slices or to an in vivo mammalian system. Models of afferent segregation into eye-specific domains in the visual system generally require coordinate interactions between pre-and postsynaptic partners (Willshaw and Von der Malsburg, 1976; Whitelaw and Cowan, 1981; Miller et al., 1989) . Anatomical studies provide evidence of such coordinate growth, in that dendritic arbors often respect eye-specific boundaries defined by their presynaptic partners (Katz and Constantine-Paton, 1988; Katz et al., 1989; Kossel et al., 1995) . Visual manipulations that alter the termination pattern of afferent arbors can cause a corresponding shift in dendritic arbor structure (Tieman and Hirsch, 1982; Kossel et al., 1995) . Our results suggest that in the mammalian visual system, CPG15 may be a molecular mediator that can coordinate growth of postsynaptic dendritic partners with their presynaptic counterparts, during both early activity-independent and later activity-dependent development of synaptic connectivity.
